Simulations of Hurricane Rita (2005) at operational resolutions (30 and 12 km) reveal significant track sensitivity to cloud microphysical details, rivaling variation seen in the National Hurricane Center's multi-model consensus forecast. Microphysics appears to directly or indirectly modulate vortex characteristics including size and winds at large radius and possibly other factors involved in hurricane motion. Idealized simulations made at higher (3 km) resolution help isolate the microphysical influence.
maximum winds. This location was correctly identified in the NHC forecast issued 36 h prior to landfall but their 54 h forecast had the highest probability landfall located west of Houston, a > 130 km shift that prompted a hurried and ultimately unnecessary evacuation. This position discrepancy was about average when compared to recent years, but looms very large indeed when weighted by population.
Weather forecasts in general have made great use of ensemble forecasting, in which different models, model physics options and/or initializations are applied to the same event, yielding an objective measure of forecast uncertainty. Previous work involving both realdata and idealized modeling has shown that the choice of cumulus parameterizations, boundary layer and/or cloud microphysics schemes can dramatically influence hurricane simulations, especially with respect to intensity and intensification rate, rainfall production and inner core structure (e.g., Willoughby et al. 1984; Lord et al. 1984; Braun and Tao 2000; Wang 2002; McFarquhar et al. 2006; Zhu and Zhang 2006) . Regarding microphysics, Lord et al. (1984) found including ice processes resulted in a significantly stronger storm, while Wang (2002) and Zhu and Zhang (2006) showed that disallowing melting and evaporation permitted substantially more rapid intensification and lower central pres- 
30 km Ensemble Results
The physics-based ensemble experiment was conducted for the earlier initialization time. 
30 km Ensemble Sensitivity Tests
Many microphysical parameterizations treat hydrometeors in bulk, based on presumed particle size distributions, types and densities. Even the simplest schemes contain numerous assumptions and "knobs" that might lack observational or theoretical justification, and thus can be a source of uncertainty. To be useful uncertainty, each scheme has to have a reasonable chance of producing the most skillful result in any given situation, something a more extensive experiment might reveal. Since model physics can interact in complex and potentially unpredictable ways, the performance of various MP schemes and the impact of their inherent assumptions are likely case-and even resolution-dependent.
We have attempted to identify MP scheme "knobs" that excite the sensitivity seen above. The most significant difference between the Kessler scheme and any MP that considers ice is that the average particle fallspeed is likely different when frozen condensate is included. Fallspeed assumptions directly and indirectly influence particle growth rates, the horizontal spread of condensate and vertical heating profiles, potentially interacting strongly with how and where CP-based adjustments are triggered. To explore the role of hydrometeor fallspeed on the ensemble spread, we took the most accurate member (WSM3/BMJ) and forced ice to share the terminal velocity of raindrops having equivalent mass. This resulted in a simulated hurricane landfall to the west of Houston, shown on there is little to no evaporation cooling in the boundary layer. However, another modified
Kessler run lacking only evaporation of rainwater possessed the same track as the original Kessler/KF storm. These results suggest that, at least for this particular situation, considerable sensitivity can be excited via manipulating hydrometeor fallspeeds.
12 km Ensemble Results and Sensitivity Tests
To ascertain whether the microphysical influences found in the 30 km runs persist when the resolution is altered, a full physics-based ensemble was conducted using 12 km grid spacing. Model hurricanes with realistic intensity without CP schemes were obtained at this resolution, so only those members are considered herein. experiment) was also diminished at higher resolution in the absence of a CP. Yet, other sensitivities were discovered. Fig. 2d shows what transpired when the WSM3 scheme was modified to neglect the latent heat of fusion (L f ), the extra ∼10% heating that occurs when liquid water freezes. The resulting hurricane was wider, weaker and made landfall at Houston. The same alteration in the 30 km experiment had little effect on track, at least when a CP scheme was active.
Synthesis
Considering the 30 and 12 km results jointly, we see that microphysical assumptions can exert a significant influence on hurricane track over relatively short (∼54 h) time scales. Microphysics may modulate storm motion by directly or indirectly influencing characteristics such as depth, radial structure and azimuthal asymmetry known to control vortex motion. Among these simulations, vortex depth appeared to vary little but width variations were particularly pronounced, as demonstrated again in Fig. 3 's vortexfollowing composites of 850 mb absolute vorticity for the 12 km ensemble's Kessler and WSM3 members. Among these storms, wider vortices tracked relatively more westward, consistent with Xiao et al.'s (2000) experience. This may partly reflect "beta drift" (e.g., Holland 1983; Chan and Williams 1987) that is sensitive to winds well beyond the eyewall (Fiorino and Elsberry 1989a,b) .
Persistent convective asymmetries can also influence vortex motion by inducing flow across the vortex towards the enhanced diabatic heating (Willoughby 1992; Wang and Holland 1996) . Superposed on in this field represent relatively weaker rising motion. For both storms, a dipole pattern is revealed, but the WSM field is rotated clockwise relative to the Kessler pattern, possibly assisting the former's relatively more poleward motion. In any event, among these simulations anything that is done to narrow the vortex, whether it becomes more intense as a result or not, tends to permit the hurricane to propagate more northward. In the case of Rita, at least, that resulted in a more accurate landfall.
Idealized Experiments
Hurricanes often move through complex and dynamic environments, complicating analysis of the microphysical impacts on simulated track and intensity. To isolate these influences, a modified real-data version of WRF version 2.2 was created which retains Earth's rotation and (optionally) curvature, but has no land, a uniform SST of 29
• C and a calm, horizontally homogeneous base state built on Jordan's (1958) hurricane season composite. Three telescoping domains were used, the outer being a 3240 km square with 27 km resolution and the innermost being 669 km on a side with 3 km grid spacing. The outer domain is intended to capture the entire environmental response to the hurricane; its boundary conditions are fixed, and thus effectively closed.
The real-data simulations commenced with a pre-existing vortex and no condensation.
Idealized simulations often start off with an artificially imposed circulation. We elected to "breed" a vortex by placing a synoptic-scale warm and moist anomaly centered at 20 larger radius, which may explain why it tracked both more quickly and more westward (Fiorino and Elsberry 1989a,b) . In an f -plane version of this experiment (not shown), the Kessler vortex was again widest and weakest but, as expected, none of those model storms translated significant distances owing to the absence of beta gyres (and large-scale flow). The important point is that microphysical assumptions can clearly and substantially influence factors responsible for storm motion, especially in situations lacking strong largescale forcing.
Summary and Conclusions
Hurricane track and landfall forecasting is a complex scientific problem with significant societal import. Herein, it was demonstrated that variation of cloud microphysical processes, performed in the context of ensemble forecasting at operational resolutions, can yield an ensemble spread comparable to multi-model experiments, likely by directly and indirectly modulating vortex structure. Indeed, it is possible that the differences among various dynamical models could chiefly reside in their respective handling of microphysics, along with other processes related to convection. The uncovered sensitivities were found to vary somewhat with resolution, possibly owing to a subtle interplay among model physics, and are probably case-dependent. Still, microphysics appears to be one avenue to exciting the inherent propagation sensitivity of hurricane-like vortices and should be considered as a valuable part of physics-based ensemble forecasting. 
